record size of the October 2015 ozone hole would hold based on our calculations even if the volcanic aerosol amounts were overestimated by a factor of several (a much larger error than indicated by our comparison of our model calculations with lidar data for multiple eruptions in (26) ; supplementary materials).
The reasons for the contributions of dynamics and temperature to the healing of the Antarctic ozone layer are not clear. The dynamical and temperature contributions to healing estimated in Fig. 3 vary by month in a manner that mirrors the ozone depletion in spring, suggesting linkages to the seasonality of the depletion itself and hence possible dynamical feedbacks. Some models (33) (34) (35) suggest that a reduction in transport of ozone to the Antarctic occurred as depletion developed in the 1980s and 1990s, which would imply a reversal of this process and hence increased healing as ozone rebounds. But others indicate that ozone depletion increased the strength of the stratospheric overturning circulation (36) , and a reversal of this factor during recovery would impede healing. Although there is robust agreement across models that climate change linked to increasing greenhouse gases should act to increase the strength of the stratospheric overturning circulation, observations show mixed results (37) ; further, the seasonality of this effect has not been established, and the magnitude in the Antarctic is uncertain. Internal variability of the climate system linked, for example, to variations in El Niño could also affect the trends.
Conclusion
After accounting for dynamics, temperature, and volcanic factors, the results presented here indicate that healing of the Antarctic ozone hole is emerging. Our results underscore the combined value of balloon and satellite ozone data, volcanic aerosol measurements, and chemistry-climate models in documenting progress in the recovery of the ozone layer since the Montreal Protocol. 34 . P. Braesicke et al., Atmos. Chem. Phys. 13, 10677-10688 (2013 Stable ferroelectricity with high transition temperature in nanostructures is needed for miniaturizing ferroelectric devices. Here, we report the discovery of the stable in-plane spontaneous polarization in atomic-thick tin telluride (SnTe), down to a 1-unit cell (UC) limit. The ferroelectric transition temperature T c of 1-UC SnTe film is greatly enhanced from the bulk value of 98 kelvin and reaches as high as 270 kelvin. Moreover, 2-to 4-UC SnTe films show robust ferroelectricity at room temperature. The interplay between semiconducting properties and ferroelectricity in this two-dimensional material may enable a wide range of applications in nonvolatile high-density memories, nanosensors, and electronics.
T wo-dimensional (2D) materials exhibit a wide range of symmetry-breaking quantum phenomena such as crystalline order (1, 2), superconductivity (3, 4) , magnetism (5, 6), and charge-density wave (7, 8) , which persist in the limit of a single-unit-cell thickness. It has been comparatively more difficult to explore ferroelectricity in ultrathin films. For the perovskite ferroelectric materials, stable out-plane spontaneous polarization has been discovered in the thin films of few unit cells (UCs) thickness (9) (10) (11) (12) . Theoretical studies point out that the charge screening, chemical bonding, and misfit strain at the interface may play a role in stabilizing ferroelectric states (13) (14) (15) (16) (17) (18) . The transition temperature in those ultrathin films usually decreases as the thickness is reduced (10) (11) (12) 19) , which could be understood by the destabilization of ferroelectric states through depolarization fields. In contrast, the transition temperature of ferroelectric polymer film is nearly independent of thickness, indicating 2D behavior (20) .
Here, we use the molecular beam epitaxial technique to prepare atomic-thick ferroelectric SnTe films and discover stable in-plane spontaneous polarization in SnTe film of only one UC thickness, 0.63 nm. To avoid external strain effect, we employ the graphitized 6H-SiC(0001) substrate in epitaxial growth to obtain stress-free thin films. The substrate surface is mainly covered by the monolayer/bilayer graphene. The weak van der Waals bonding between substrate and SnTe film largely reduces the strain effect and helps to preserve the in-plane component of the polarization.
In the bulk form, SnTe is a narrow-gap (∼0.2 eV) semiconductor (21) and possesses the rock-salt structure with a lattice constant of 6.32 Å (Fig. 1A) at room temperature. SnTe is always heavily p-type doped because of the negative formation energy of Sn vacancy (22) . At the ferroelectric transition temperature T c , the crystal goes through a cubic-to-rhombohedral structural phase transition and the two sublattices of Sn and Te atoms are displaced from each other along the [111] direction, forming the ferroelectric state (23, 24) . Owing to the screening effect of charge carriers, T c drops rapidly as the concentration of Sn vacancy increases (25) , and the highest transition temperature of bulk SnTe is only 98 K (26). Recently, interest in the ferroelectric structural distortion in SnTe was rekindled by its effect on electronic properties of the topological crystalline insulator phase newly discovered in group IV-VI semiconductors (27) .
The SnTe films grown on SiC are characterized by the in situ reflection high-energy electron diffraction (RHEED) [ (28), fig. S1 ] and scanning tunneling microscopy (STM) topography images (Fig. 1B and fig. S1 ). At low coverage, (001)-oriented islands are formed on the substrate. In contrast to the case involving strong directional covalent bonds, the lattice-matching conditions are largely relaxed in the van der Waals epitaxy. As a consequence, the in-plane orientation of the SnTe islands is randomly distributed. The weak bonding is also demonstrated by the fact that an entire island at the size of 100 nm can be displaced by the STM tip ( fig. S2 ). By carefully controlling the substrate temperature and SnTe flux, the size of an island can be as large as ∼1 mm ( fig. S1) ). The electronic density of states of 1-UC SnTe film is measured by scanning tunneling spectroscopy (STS). The arrows in the differential conductance (dI/dV ) curve (Fig. 1C) indicate the band edges. The energy gap increases from its bulk value of 0.2 to 1.6 eV in a 1-UC film, mainly originating from the quantum confinement (figs. S23 and S24).
It is challenging to probe the ferroelectric properties of an ultrathin film because of the muchreduced signal compared with the bulk. Usually, more sensitive probes, such as the synchrotron x-ray scattering (10), ultraviolet Raman spectroscopy (12), polarized second-harmonic generation measurement (29) , and piezoresponse force microscope (30) , are employed to detect such weak signals. In our experiment, the small island size requires even more sensitive measurement with high spatial resolution. Here, we use STM and STS to probe the ferroelectricity of SnTe in the 2D limit. The observed evidence for ferroelectricity includes the formation of domain structure (Fig.  1D ), lattice distortion (Fig. 1, E and F) , band-bending (Fig. 2, A to D) , and polarization manipulation by electric field (Fig. 2E) .
The domain structure in 1-UC SnTe film is resolved in the STM image (Fig. 1D) at certain sample bias voltage (for example, −0.2 V). The parallel stripes are along the [010] direction. The atomically resolved image (Fig. 1D, left inset) shows a quasi-square lattice of Te atoms (the negative bias corresponds to the filled states mainly contributed by Te). The lattice constant ∼ 4.5 Å is in good agreement with the Te-Te distance in the (001) plane of bulk SnTe. The lattice is continuous across the domain boundary (Fig. 1D, left inset) . Nevertheless, the Fourier transform of an area containing two domains (STM image in the inset of Fig. 1E ) clearly exhibits two sets of Bragg peaks split along the [100] direction (Fig. 1E) . Each set of the Bragg peaks is contributed by one domain (see the right panels of Fig. 1E ). The lattice is slightly distorted from a perfect square to a parallelogram (Fig. 1F) . From the Fourier transform, the two lattice constants of the Te sublattice at liquid helium temperature are found to be 4.58 ± 0.05 and 4.44 ± 0.05 Å, respectively. The parallelogram is elongated along the [110] and its equivalent orientations (indicated by arrows in Fig. 1, D to F) . The elongated diagonals for two adjacent domains are perpendicular to each other. As shown later, the in-plane polarization is along those diagonals.
The domain formation and lattice distortion are still not adequate to serve as the conclusive evidence for ferroelectricity. A more direct manifestation comes from the band-bending at the edge of an island. In general, the discontinuity of polarization on the border of a dielectric induces a polarization charge, the density of which is given by ⇀ P ⋅ ⇀ n. Here, ⇀ P and ⇀ n are the polarization and the normal direction, respectively. If one surface is positively charged, the opposite surface must be negatively charged. The electric field generated by the polarization charge shifts the bulk electronic bands (Fig. 2A) . If there are free carriers owing to doping, the screening effect confines the band-bending within the vicinity of the borders (Fig. 2A) . Band-bending has various origins and is commonly observed on surfaces. However, the unique feature on the surfaces of ferroelectrics is that the bending directions are opposite to each other on the opposite surfaces of a domain; one side is upward, and the other side is downward (31) .
The signatures of band-bending can be seen in Fig. 1D . In the STM image (constant current mode at −0.2 V), the height of the island edge is different from that of the bulk, and the edges for two adjacent domains show opposite variation in height. The observed pattern can be easily explained by the band-bending effect if the polarization direction is indeed given by the arrows in Fig. 1D (see also fig. S10 ). The band gap at an edge is shifted by the polarization charge (Fig. 2B) . The positive charge moves the band downward, and there is less density of states between the bias voltage V s and the Fermi level. Therefore, the apparent height of a positively charged edge is lower than that of the bulk. Similarly, a negatively charged edge appears higher.
The band-bending is even more clearly observed by following the peak at 1.5 V in the dI/dV curves as a function of the distance to an edge (Fig. 2C) . Spatially resolved dI/dV spectra (right panels) are taken along the lines perpendicular to the edges of two adjacent domains (arrows in the left panel). The peaks shift to opposite directions up to 0.2 eV with a screening length of about 10 nm. For comparison, the dI/dV mapping is also performed on a 1-UC PbTe island and shows no band-bending effect ( fig. S13 ). PbTe is paraelectric but otherwise is very similar to SnTe.
The above observations do not uniquely determine the orientation of polarization. Any configuration of polarization gives rise to a similar band-bending pattern if the projections of polarization on the normal direction of edge are opposite to each other between two adjacent domains in Fig. 1D . The polarization orientation is unequivocally determined by the band-bending pattern on a single domain island (Fig. 2D) . The reversed bending on the opposite edges of the square island clearly demonstrates that the polarization of 1-UC SnTe film has in-plane component along the [110] diagonal.
With the in-plane polarization determined by lattice distortion together with the sign change of polarization charge on edges, we are able to classify the different types of domain walls. The straight domain walls in Fig. 1D belong to the 90°"head-to-tail" type. The "head-to-head" domain wall in Fig. 2E shows the zigzag pattern to minimize the electrostatic energy (32) . Occasionally, the in-plane 180°domain wall is also observed (Fig. 2E ). More images of domain structures can be found in figs. S14 and S15.
One more important criterion for ferroelectricity is that the polarization can be manipulated by electric field (32) . A ferroelectric crystal should have two or more orientational states for polarization, which can be shifted from one to another by an electric field. To tune the ferroelectric state, we applied a 5-V voltage pulse between the STM tip and the 1-UC SnTe film. The domain structure of the film is distinctly changed by the pulse (compare the upper and lower panel of Fig. 2E ). Here, STM manipulates the ferroelectric polarization through domain wall motion instead of rotation of polarization. The electric field in the tunneling junction is comparable to the typical activation field (~10 7 V/m) for moving a ferroelectric domain wall. Such tunability distinguishes ferroelectric from other polar states.
The above studies, including the formation of domain structure, lattice distortion, band-bending, and polarization manipulation by electric field, strongly support the occurrence of ferroelectricity in the 1-UC SnTe film. However, all the evidence so far is still at the liquid helium temperature. At higher temperatures, the spontaneous polarization ⇀ P diminishes and eventually disappears at the ferroelectric transition temperature T c , as does the domain structure ( fig. S17 ). During the variable temperature measurement, the distortion angle Da of the rock-salt unit cell is conveniently determined by the separation between the two sets of Bragg peaks (fig. S18) . The polarization is then derived through the relation P 2 ∝Da (33) . The temperature dependence of Da is plotted in Fig. 3A . For the 1-UC film, Da drops as the temperature increases and becomes zero at T c = 270 K. The critical temperature for 1-UC film is much higher than the bulk value of about 100 K (25) . Within the precision of measurement, Da approaches zero continuously at T c (Fig. 3A,  inset) , which is in agreement with the behavior for a second-order phase transition. The critical index b = 0.33 ± 0.05
] is extracted by plotting Da versus T on a log-log scale (Fig.  3B) . The critical exponent here is identical to the value, 0.33, observed in the PbZr 0.9 Ti 0.1 O 3 bulk material (34) and larger than the values of currently available 2D models with short-range interaction, such as 1/8 of the 2D Ising model (32) . It indicates that a long-range correlated microscopic model is required to fully account for our observations. From b alone, the universality class of 1-UC SnTe cannot be determined.
For thicker films from 2 to 4 UC, T c is even higher than the room temperature (RT). Variabletemperature STM measurement above RT is beyond the capability of our current instrument. However, we observed both domain structures and lattice distortion ( fig. S19) , as well as the band-bending ( fig. S20 ) at RT for 2-to 4-UC films. The evidence for a ferroelectric phase at RT also comes from Raman spectroscopy. The ferroelectric phase transition can be viewed as a condensation of transverse optical (TO) phonon near the Brillouin zone center. Raman spectroscopy directly probes the TO mode softening in ferroelectrics. For SnTe, the Raman signal is inactive above T c because of the crystalline symmetry of the rock-salt structure. Below T c , the TO mode becomes Raman active, and its frequency is given by w TO ∝ðT c −T Þ 1=2 for bulk (23) . The spectra of 2-UC SnTe film show that the TO mode persists up to RT with only slight softening ( fig. S21 ). For comparison, T c of the 20-nm-thick film extracted from the TO mode peak shift ( fig.  S22 ) is found to be 130 K and consistent with a previous report (23) .
The strong ferroelectricity enhancement in atomic-layer-thick SnTe films is unusual and may have its origin in the lower free carrier density. The ferroelectric transition strongly depends on the screening effect of free carriers on the dipole-dipole interaction [see (28) and fig. S25 ]. For example, the bulk transition temperature of SnTe reaches 100 K only when the carrier density has been reduced to 10 20 cm −3
. The carrier density depends on the density of defects and the size of the band gap. Both experiment and density functional theory (DFT) calculation (Fig. 3C) reveal that the density of Sn vacancies drops by 2 to 3 orders of magnitude in the SnTe ultrathin film. Besides the lower density of defects, the larger energy gap also helps to make SnTe thin film less conductive. The bulk IV-VI semiconductors such as SnTe usually have narrow band gaps. However, the gap of SnTe is dramatically increased when the film thickness is less than 8 UC (Fig. 3D) . The band gap enhancement partially comes from the quantum confinement in the ultrathin film. The T c of 1-UC film is lower than that of the 2-to 4-UC films, probably because the effects of reduced dimensionality become more prominent in the case of 1 UC.
The in-plane lattice expansion may also facilitate the T c enhancement. Both experiment (with slightly large uncertainty) and the DFT calculation suggest that the in-plane lattice constants of SnTe increase when the film becomes thinner (Fig. 3E) , as generally occurs in the thin film with rock-salt structure (35) . The lattice constants tune ferroelectricity by adjusting the balance between long-range Coulomb interaction and short-range repulsion (36) . Such mechanisms may partially SCIENCE sciencemag.org 15 account for the enhancement of ferroelectricity in SnTe and perovskite thin films (12, 37, 38) . In particular, SnTe thin films share several common features with SrTiO 3 /DyScO 3 (38) : in-plane lattice expansion, out-of-plane lattice contraction, and in-plane polarization.
Based on the in-plane polarized ferroelectric thin film, a nonvolatile ferroelectric random access memory (FeRAM) device (Fig. 4A) can be designed to take advantage of the small size and high transition temperature. The voltage pulses V W and V R are applied only during the writing and reading processes, respectively. The writing voltage V W generates the in-plane electric field to flip the in-plane polarization of the ferroelectric film. The two opposite directions of polarization represent the "on" and "off" states of the memory unit. The states are read by electron tunneling into an edge driven by the voltage V R . The tunneling current I t strongly depends on the bandbending. The dependence can be easily understood by the band structure on the edges (Fig. 4 , B and C). To demonstrate the mechanism and simulate the reading process, the I-V (currentvoltage) curves (Fig. 4D) on the edges of a 3-UC SnTe film were measured by STM. During the measurement, the gap distance between tip and sample was fixed. The tunneling current increases rapidly after the bias voltage reaches the corresponding threshold V R . From 0.5 to 0.7 eV, the on/off ratio can reach as high as 3000 (Fig. 4E) . Similar measurement is also performed on 1-UC film, which shows a much lower on/off ratio. Compared with the conventional FeRAM, where reading is destructive, the memory based on the in-plane polarization and tunneling does not reverse the polarization and is nondestructive. Moreover, the fact that ferroelectricity and band-bending could exist in the SnTe nanowire of only 16-nm width ( fig. S27) shows the potential to fabricate devices with high density. The materials for insulating layers and electrodes need to be carefully selected for achieving optimal performance. 
